The presence of dark septate endophytes (DSEs) or arbuscular mycorrhizal fungi (AMF) in plant roots and their effects on plant fitness have been extensively described. However, little is known about their interactions when they are simultaneously colonizing a plant root, especially in trace element (TE)-polluted soils. We therefore investigated the effects of Cadophora sp. and Funneliformis mosseae on ryegrass (Lolium perenne) growth and element uptake in a Cd/Zn/Pb-polluted soil. The experiment included four treatments, i.e., inoculation with Cadophora sp., inoculation with F. mosseae, co-inoculation with Cadophora sp. and F. mosseae, and no inoculation. Ryegrass biomass and shoot Na, P, K, and Mg concentrations significantly increased following AMF inoculation as compared to non-inoculated controls. Similarly, DSE inoculation increased shoot Na concentration, whereas dual inoculation significantly decreased shoot Cd concentration. Moreover, oxidative stress determined by ryegrass leaf malondialdehyde concentration was alleviated both in the AMF and dual inoculation treatments. We used quantitative PCR and microscope observations to quantify colonization rates. They demonstrated that DSEs had no effect on AMF colonization, while AMF colonization slightly decreased DSE frequency. We also monitored fluorescein diacetate (FDA) hydrolysis and alkaline phosphatase (AP) activity in the rhizosphere soils. FDA hydrolysis remained unchanged in the three inoculated treatments, but AMF colonization increased AP activity and P mobility in the soil whereas DSE colonization did not alter AP activity. In this experiment, we unveiled the interactions between two ecologically important fungal groups likely to occur in roots which involved a decrease of oxidative stress and Cd accumulation in shoots. These results open promising perspectives on the fungalbased phytomanagement of TE-contaminated sites by the production of uncontaminated and marketable plant biomass.
Introduction
Intense human activities such as mining, industries, waste disposal, and fertilizer applications have dramatically increased soil contents of trace elements (TE) (Tóth et al. 2016) . TE persist in the environment for a long time, and their effects on human health and ecosystems are of great concern. Plants can be used to reduce metal dispersion from TEcontaminated soils into the atmosphere, the soil, and groundwater. Such phytomanagement is economically attractive because it produces nonedible biomass for commercial products such as bioenergy, biofuels, building and construction materials, or timber (Evangelou and Deram 2014) . Adapted TEtolerant soil microorganisms can enhance plant growth and nutrition in such stressed environments (Ma et al. 2011 ).
Among these, arbuscular mycorrhizal fungi (AMF) and dark septate endophytes (DSEs) are abundant root colonists of plants growing in TE-polluted soils.
Dark septate endophytes are sterile or conidial Ascomycetes forming microsclerotia and dark septate hyphae in plant roots. They are abundant in TE-polluted soils (Ruotsalainen et al. 2007; Deram et al. 2011) . For instance, Phialophora sp. and Leptodontidium sp. were identified and/or isolated from Chinese and European metal-polluted sites (Ban et al. 2012; Likar and Regvar 2013) . Similarly, Cadophora sp. was found in pine roots from a Zn/Cd-polluted site in Belgium and in a TE-polluted soil in Austria (Utmazian et al. 2007; Op De Beeck et al. 2015) . In sharp contrast to AMF, ecological functioning of DSEs still is barely understood. There is a paucity of information on DSEs partly because they are difficult to identify because morphological taxonomic traits are scarce (Wang and Wilcox 1985) . Moreover, opposite conclusions about their impact on plant fitness have been drawn. Effects of DSEs ranged from pathogenic to neutral or mutualistic relationships depending on fungal strain, plant host, and edaphic parameters (Newsham 2011; Mayerhofer et al. 2013; Mandyam and Jumpponen 2015; Berthelot et al. 2017) . For instance, in a meta-analysis, Mayerhofer et al. (2013) reported that the plant growth promotion effect of DSEs was higher toward herbs and graminoids than shrubs and trees. In TE-polluted soils, DSEs could promote plant growth and limit metal toxicity to the host by limiting root-to-shoot TE translocation and by increasing chlorophyll concentrations and transpiration rates (Wang et al. 2016; Likar and Regvar 2013) . Moreover, DSEs could increase phosphorus concentration in shoots (Barrow and Osuna 2002; Della Monica et al. 2015) .
AMF have been extensively studied over the last 50 years, and are considered as essential partners for plant growth and fitness (Göhre and Paszkowski 2006) . Arbuscular mycorrhizal fungi (AMF) can be abundant in TE-polluted soils (Ruotsalainen et al. 2007; Regvar et al. 2010; Deram et al. 2011) . Funneliformis mosseae, Rhizophagus intraradices, and Glomus sp. were found abundantly from European, Asian, and Canadian As/Cd/Cu/Zn-polluted soils (Weissenhorn et al. 1994; Hassan et al. 2011; Ban et al. 2015; Krishnamoorthy et al. 2015) . Likewise, Paraglomerales and Glomerales such as R. irregularis were found dominant in a Pb/Zn-mining site in the south of France (Sánchez-Castro et al. 2017) . AMF represent a great potential for remediation of soils contaminated by TE (Göhre and Paszkowski 2006) . Several studies have shown that AMF develop mechanisms that allow metal accumulation in plant roots (Redon et al. 2009 ) and prevent metal translocation to the shoots (Joner and Leyval 1997; Göhre and Paszkowski 2006) . In contrast, other studies have shown that AMF cause an increase in metal translocation to shoots (Göhre and Paszkowski 2006) . Moreover, AMF affect soil trace and major element availabilities by inducing mobilization or immobilization processes (White et al. 1997) . Specifically, AMF secrete acid and alkaline phosphatases involved in phosphorus mobility and mineralization (Hu et al. 2013) . AMF also can induce soil enzyme activities such as β-glucosidase or dehydrogenase activities (Arriagada et al. 2014) .
AMF and DSEs can share the root system of the same plant host (Peyronel 1924; Ruotsalainen et al. 2002; Massenssini et al. 2014 ) and even the same root zone (Dolinar and Gaberščik 2010) . In the few studies where both AMF and DSE are considered, mainly field studies, their colonization rates were considered. It is not clear from such studies, however, whether interactions between AMF and DSEs were due to relative TE tolerance, competition for space, or carbon competition. AMF and DSEs alone were reported to be tolerant to TE (Weissenhorn et al. 1994; Ban et al. 2012; Likar and Regvar 2013) . In TE-polluted soils, however, DSEs could sometimes dominate and even replace AMF in the roots of plants. For instance, mycorrhizal colonization of Salix caprea decreased under high metal pollution whereas DSE colonization was not affected (Regvar et al. 2010) . Likewise, DSE colonization of Arrhenatherum elatius was not impacted by increasing soil Cd concentrations, while AMF colonization decreased (Deram et al. 2011) . Similarly, mycorrhizal colonization of Deschampsia flexuosa drastically decreased in TEpolluted soils, whereas colonization by DSEs remained unchanged (Ruotsalainen et al. 2007) . Interactions between DSEs and AMF are poorly characterized, but it seems that relationships from competition to synergy could occur (Scervino et al. 2009; Soteras et al. 2013; Della Monica et al. 2015) . For instance, the DSE Drechslera sp. produced exudates that stimulated the presymbiotic stage development of AMF on Daucus carota hairy roots in vitro (Scervino et al. 2009 ). In contrast, colonization of Trifolium repens by Gigaspora rosea was associated with a decreased density of Phialocephala turiciensis (Della Monica et al. 2015) .
Interactions between AMF and DSEs can be studied through the localization and quantification of root colonization by both fungi in the same host plant (Vaz et al. 2012; Saravesi et al. 2014; Della Monica et al. 2015) . Microscopic observation of stained roots is laborious, however, and results differ among investigators (Tellenbach et al. 2010) . Chemical methods that quantify specific biomolecules stored inside fungal cells or are released into the environment (e.g., ergosterol or chitin) also are widely used (Olsrud and Michelsen 2007) . Other methods have been developed, e.g., based on isoenzymes or antibodies, transformed fungi expressing labeled proteins, or the FISH technique (Wright 2000; Su et al. 2013; Vági et al. 2014) . Nevertheless, all these techniques have a low specificity, and may not be adapted to differentiate AMF from DSEs colonizing the same plant tissue (Vági et al. 2014) . Quantitative real-time PCR (qPCR) combines specificity at different taxonomic levels with accurate measurements of DNA copy numbers that make it possible to quantify DNA in very small samples. It therefore appeared to us to be a more reliable approach than microscopic observations. qPCR has been successfully applied to quantify phytopathogen (Maciá-Vicente et al. 2009 ), mycorrhiza (Thonar et al. 2012) , or DSE (Tellenbach et al. 2010 ) colonization rates. To our knowledge, however, no study has ever quantified AMF and DSEs simultaneously on a single root sample by qPCR.
With the objective to understand interactions between the poorly understood DSEs and the well-known AMF, we investigated the impact of dual inoculation with an AMF (F. mosseae) and a DSE (Cadophora sp.) and their interaction on L. perenne grown in a TE-polluted soil. These two TEtolerant fungi were isolated from poplar roots growing on TE-polluted soils ). We previously reported their ability to promote the growth of different plants such as Populus tremula × alba, Betula pendula, and especially L. perenne, in TE-or in non-TE-polluted substrates Berthelot et al. 2017 ). On the basis of known information, we hypothesized that these two strains could co-colonize L. perenne roots and act in synergy to improve its tolerance to TE, improve nutrient acquisition, alleviate stress, and result in a positive host growth response. To test this hypothesis, we evaluated AMF and DSE colonization after 2 months of plant growth, using root staining and qPCR. Plant dry weight, leaf concentrations of total chlorophyll, malondialdehyde (MDA), total antioxidant compounds (TACs), and shoot and soil elemental composition were measured. We also measured phosphatase activity and fluorescein diacetate hydrolysis as indicators of rhizosphere enzyme activity.
Materials and methods

Soil physico-chemical properties
The soil used in the present study was collected at the experimental site of Pierrelaye (Val d'Oise, France; N 49°1′ 21″ E 2°9′ 1″). This site is located on a former agricultural plain that was irrigated with nontreated waters from the city of Paris for almost one century. As a result, the topsoil grew contaminated mostly by Cd, Pb, and Zn (Table 1) . Values observed in this soil were four to six times higher than in local reference agricultural soils as reported by Lamy et al. (2006) . The overall characteristics of the site have been provided previously (Lacercat-Didier et al. 2016; Foulon et al. 2016) . The physico-chemical characterization of the soil (Table 1) was performed by the SADEF laboratory (Aspach-le-Bas, France) (Cofrac certificate N°1-0751). The pH and the total carbonate concentration were measured according to the NF ISO 10390 and NF ISO 10693 standards, respectively. Total and CaCl 2 -extractable metal concentrations were determined by ICP-AES (Varian 720 ES, Raleigh, USA) using the standards ISO 14869 and NEN 5704, respectively. The granulometric analysis was carried out according to the X 317-107 standard through the dispersion of mineral particles after the destruction of organic matter by hydrogen peroxide and the separation of the different classes of particles through sedimentation (particles < 50 μm) and sieving (particles > 50 μm). Organic carbon was determined by sulfochromic oxidation according to the NF ISO 14235 standard. Total nitrogen was determined after mineralization with sulfuric acid according to the NF ISO 11261 standard. Available phosphorus was measured after addition of ammonium oxalate 0.1 M according to the Joret-Hebert method (NF X31-161). Cation exchange capacity (CEC) was measured after percolation of ammonium acetate (1 M) at pH 7 (standard NF X31-130).
Preparation of AMF and DSE inocula
The AMF strain Funneliformis mosseae was previously isolated from the TE-polluted Pierrelaye site . The AMF inoculum consisted of perlite mixed with a suspension of purified spores harvested from AMF-inoculated hairy root cultures of Daucus carota. The DSE strain was Cadophora sp. Fe06 (Ascomycota, Helotiales) isolated from a TE-polluted site in the north of France (for details see Berthelot et al. 2016 ). The DSE inoculum was prepared by aseptically growing Fe06 in flasks containing 500 ml of perlite moistened with 250 ml of malt extract medium, according to the method of Likar and Regvar (2013) . The inoculated flasks were incubated at 24°C in the dark for 2 weeks. They were manually shaken twice a week to allow homogeneous fungal growth in the substrate. Controls contained perlite with fungus-free agar plugs (mock controls).
Greenhouse experiment
The TE-contaminated soil was sterilized by three successive autoclaving steps (120°C for 20 min, 2-day intervals between each step). In order to work with a soil only devoid of the fungal microflora, the natural bacterial microflora was reintroduced after soil sterilization. The following procedure was used to reintroduce the native bacterial microflora into the sterilized soil. Non-sterilized soil (125 g) was mixed with 250 ml of 0.9% NaCl solution and shaken for 2 h. The suspension was subsequently filtered through a 5-μm-diameter nylon mesh to remove soil particles and fungal propagules. Two hundred twenty-five grams of sterilized soil was added in 300-ml pots together with 25 g of fungal inoculum. Two milliliters of soil suspension was added per pot. Ryegrass seeds were surface-sterilized (5 min in 70% (v/v) ethanol; 20 min in 5% (v/v) NaClO) and carefully rinsed five times in sterile distilled water. Thirty seeds were sown per pot. After 1 week of growth, 20 plants were kept per pot. Plants were inoculated with F. mosseae, or with Cadophora sp., or with both fungi, or left not inoculated. DSE treatment consisted of the DSE-perlite inoculum described above, while the AMF treatment consisted of perlite containing 300 spores of F. mosseae per pot. The AMF + DSE treatment consisted of 25 g of the DSE inoculum with the AMF spore suspension added. The control treatment consisted of fungus-free (enriched agar plugs) perlite. Nine replicates per treatment were grown for 2 months before harvest. The rhizosphere soil was kept at 4°C to assess enzymatic activities as described below. The roots and shoots were harvested, weighed, and washed with distilled water. Twenty percent of randomly selected roots were analyzed for fungal colonization whereas the remaining roots were dried at 60°C for 2 days and weighed. Shoots were divided into three parts. The first part was directly processed for determining chlorophyll concentrations. The second part was crushed with liquid nitrogen and immediately stored at − 80°C until its use for quantifying malondialdehyde (MDA) and total antioxidant compounds (TAC). Finally, the remaining part of the shoots was dried at 60°C for 2 days, weighed, and analyzed for TE concentrations.
Quantification of shoot elemental concentrations
Dried shoots were ground to powder in a mortar with liquid nitrogen to measure trace and major element concentrations. For elemental analyses, the powder was digested by HNO 3 in a MARS 5 microwave oven (SEM, Saclay, France) for 15 min at 170°C and 20 bars followed by 30 min cooling. The solutions were analyzed by ICP-AES (Varian 720 ES, Raleigh, USA). Two tobacco (OBTL5, ichtj, Warlow, Poland) and ryegrass (CD281 O204, ERM®, Geel, Belgium) standard references were submitted to the same digestion procedure and analyzed as part of the quality control of the protocol. Total nitrogen concentrations were analyzed using a CHNS analyzer (FlashEA 1112, Thermo Fisher Scientific, Waltham, USA). One milligram per sample was heated at 940°C and analyzed. A standard reference (birch leaves; B2166; elemental microanalysis) was used and analyzed identically.
Quantification of chlorophyll, malondialdehyde, and total antioxidant compounds
Chlorophyll concentrations were measured according to the procedure of Ni et al. (2009) . Briefly, the pigments were extracted with 5 ml of 80% acetone from 300 mg of fresh shoots, and chlorophyll concentrations were measured using spectrophotometric absorbance at 645 and 663 nm. Acetone (80%) was used as a blank. Additionally, MDA and TAC concentrations were measured from 10 mg of frozen leaf tissues of six randomly selected plants per treatment using commercial kits (MAK085 and MAK187, Sigma-Aldrich, Saint-QuentinFallavier, France) according to the manufacturer's protocols, and each sample analysis was repeated three times. Values are means ± SEs (n = 3)
Evaluation of root colonization by microscopy
To quantify root colonization by fungi, the roots were stained with trypan blue and observed under an optical microscope, as previously described by Koske and Gemma (1989) . Overall, 30 root fragments of 1 cm were analyzed per sample. Nonseptate hyphae with vesicles and arbuscules were counted as AMF, whereas inter/intracellular melanized hyphae and microsclerotia were recorded as DSE. The frequency of root colonization (F DSE % and F AMF %), the intensity of cortex colonization (H% and M%, for DSE and AMF, respectively), and the density of root specific structures (arbuscules (A%) from F. mosseae, and microsclerotia (MS%) from Cadophora sp.) were calculated as previously described (Trouvelot et al. 1986; Likar and Regvar 2009) . Briefly, the intensity of cortex colonization was based on a five-class system ranking: rare (n1;1 %), low (n2; 1-10%), medium (n3; 11-50%); high (n4; 51-90%); and abundant (n5; 91-100%). Moreover a three-class system was used, which allowed the calculation of A% and MS%: low (A1;~10%), medium (A2;~50%), and high (A3; 100%) number.
where no is the number of fragments without colonization by DSE (F DSE %) or AMF (F AMF %).
where n5, n4, n3, n2, and n1 are numbers of root fragments for each of the indices of ranking of root fragments.
where a ¼ 100A3þ50A2þ10A1 100
Roots also were analyzed by confocal laser microscopy. Selected root segments first were cut into pieces of 5-10 mm in length and were labeled with 5 μg ml −1 WGA® 488 (Invitrogen, Carlsbad, USA) for 10 min to visualize fungal structures. The autofluorescence of root cell walls was detected between 420 and 470 nm after UV laser irradiation at 405 nm. An argon laser was used to excite Alexa Fluor® 488 dye, and fluorescence was detected between 500 and 550 nm. Image stacks were obtained using a Nikon eclipse TE2000U equipped with a confocal scanner head (AGR, 3Q-BLD, Rainbow, Radiance Bio-Rad, Hercules, USA) and a plan APOx20/0.75 objective. All samples were scanned at an x/y scanning resolution of 1024 × 1024 pixels; the z direction step size was 1.5 μm. The image stacks were visualized and processed using the software program Image J (v.1.43u).
The two detection channels of plant and fungal cell fluorescence were assigned differently using RGB color tables to discriminate between the fungal (DSE & AMF) cells (in green) and the plant cells (in red).
Quantification of DSE and AMF biomass in roots by real-time PCR
We designed primers and molecular probes to detect Cadophora sp. by real-time PCR. Several Cadophora ITS region sequences obtained from NCBI were aligned using the Clustal W multiple alignment tool, and optimized manually. The primers designed for the DSE strain were Cado-F: 5′-CCTTGAATAAATTACCTTTGTTGCTTTGG-3′ and Cado-R: 5′-CCTCTGGCGGGCACTCA-3′, and a 78-bp fragment was amplified. The probe was Cado-P: 5′-FAM-CCGCCTCG TGCCAGTGGC-BHQ1-3′). For F. mosseae, the primers were obtained from Thonar et al. (2012) ; they amplified a 122-bp fragment from the 28S region (AM-F: 5′-GGAA ACGATTGAAGTCAGTCATACCAA-3′; AM-R: 5′-CGAA AAAGTACACCAAGAGATCCCAAT-3′); the probe was AM-P: 5′-FAM-AGAGTTTCAAAGCCTTCGGATTCGC-BHQ1-3′. The resulting two sets of specific markers (i.e., primers and probes) for the different fungi were subjected to cross-specificity tests by PCR with pure Cadophora sp. Fe06 and F. mosseae genomic DNA (Fig. S1 ). Genomic DNA from ryegrass axenically cultured on water agar plates and from purified spores of the two fungi from cultures was extracted from 100 mg of fresh material using a DNeasy Plant Mini Kit (Qiagen, Basel, Switzerland) following the manufacturer's recommendations. Ryegrass roots harvested from the soil were processed identically. All samples were normalized at the same DNA concentration.
Real-time PCR was performed with the iTaq™ universal probes supermix kit (Bio-Rad, Hercules, USA) in a CFX 96 thermal cycler (Bio-Rad) following the manufacturer's protocol. For each sample, DNA was amplified in a total volume of 20 μl containing 10 μl of iTaq supermix buffer, 0.5 μM of each primer (Cado-F/Cado-R or AM-F/AM-R), 0.2 μM of molecular beacon probe (Cado-P or AM-P), and 1 ng of DNA template. Amplifications were performed using the following steps: an initial denaturation step at 94°C for 3 min, and then 40 cycles of denaturation at 94°C for 15 s, annealing at 60°C for 20 s, and extension at 72°C for 20 s. For each treatment, six randomly selected root samples were studied, with three technical replicates per sample.
Enzyme activity assays
The activity levels of two hydrolytic enzymes from the soil were measured. Alkaline phosphatase (AP) is involved in the P cycle, whereas fluorescein diacetate hydrolysis (FDA) results from global activity involving ubiquitous esterase, lipase, and protease (Schnurer and Rosswall 1982; Green et al. 2006) . The levels of enzymatic activities were evaluated according to previous studies (Marx et al. 2001; Green et al. 2006) . Briefly, 2.5 g of fresh soil was suspended in FDA or AP buffer for 10 min using an orbital shaker (Stuart Scientific SI500), and then sonicated for 120 s. The FDA buffer contained potassium phosphate (60 mM) at pH 7.6. The AP buffer was made of 100 mM Na 2 HPO 4 /KH 2 PO 4 at pH 7.5. Then, 50-μl aliquots were dispensed into 96-well microplates, with three technical replicates per sample. Finally, the substrates of the FDA (fluorescein [3′,6′-diacetylfluorescein]) or AP (4-methylumbelliferyl phosphate) solutions were added to reach a final volume of 200 μl. The microplates were stored at 28°C in the dark, and measurements were done at 60-min intervals for 6 h. Fluorescence was measured with a spectrophotometer (SAFAS Xenius XC, Monaco) with adapted wavelengths (523 and 450 nm for emission; 490 nm and 330 nm for excitation for FDA and AP, respectively) and was compared to the values of respective standard curves obtained by diluting fluorescein or 4-methylumbelliferone.
Data analyses
Normality of data was tested using a Shapiro-Wilk test while homoscedasticity was tested using a Fisher test. Because both conditions were rejected, most data were subsequently analyzed using one-way nonparametric KruskalWallis tests followed by Wilcoxon post hoc tests. Two-way ANOVAs were used to study the interactions for different parameters of root colonization. Pearson correlation coefficients were used to determine relationships between (i) qPCR and microscopy analyses, (ii) root colonization and concentration of TE in shoots, and (iii) root colonization and soil enzyme activities. The rejection level was set at α = 0.05 in all analyses. All analyses were performed using R software (version 3.1.3). All reported values are means ± standard errors (SEs). For percentage values, we used the arcsine of the square root of the data for statistical analyses.
Results
Root colonization by F. mosseae and Cadophora sp.
The AMF strain Funneliformis mosseae and the DSE strain Cadophora sp. Fe06 successfully colonized ryegrass roots, as shown by microscope (Figs. 1a, b and 2) and qPCR (Fig. 1c, d) analyses. Trypan blue and fluorescence staining of ryegrass root samples showed that Cadophora sp. Fe06 formed typical brainlike (Fig. 2a) , fully packed (Fig. 2c) , and loosely packed (Fig.  2d) microsclerotia. In cortical and epidermal ryegrass, root cells colonized by F. mosseae, arbuscules (Fig. 2b) , and vesicles (data not shown) were observed. In contrast to the AMF structures that were easily stained blue, hyphae and microsclerotia of the DSE fungus were recalcitrant to trypan blue staining. Moreover, blue-stained hyphae were not septate, whereas brown-stained hyphae were septate, confirming that blue staining was restricted to the AMF. We therefore took advantage of this difference to discriminate root colonization by AMF or DSE hyphae, and determined the frequency and colonization rates of the two colonists. In the AMF + DSE treatment, the presence of Cadophora sp. Fe06 did not affect F. mosseae colonization frequency (F AMF %) or intensity (M%), or the proportion of F. mosseae arbuscules (A%) (Fig. 1a) or vesicles (data not shown). Colonization frequency of roots by Cadophora sp. (F DSE %), however, was significantly diminished (39.9 ± 3.1 vs. 55.4 ± 2.5% under single DSE inoculation), while colonization intensity by hyphae (H%) or microsclerotia (MS%) was not significantly affected (Fig. 1b) .
qPCR analyses confirmed that root colonization by the AMF fungus was not affected by co-inoculation with the DSE. The 28S copy numbers from the single and dual inoculation treatments did not differ significantly (Fig. 1c) . Conversely, ITS copy numbers were significantly lower in the root samples colonized by both fungi than in the DSEinoculated samples (Fig. 1d) . Pearson correlation analyses indicated a significant correlation between ITS gene copy numbers and F DSE % (P < 0.001, r = 0.66) or H% (P < 0.001, r = 0.60). Similarly, there was a significant correlation between 28S rDNA gene copy numbers and F AMF % (P < 0.001, r = 0.72) or M% (P = 0.02, r = 0.22).
Effect of fungi on plant growth and physiological parameters
Ryegrass shoot and root dry weights were evaluated after 2 months of growth (Fig. 3a) . Total dry weight was significantly promoted by 63.7% when F. mosseae alone was inoculated, whereas inoculations with Cadophora sp. alone or with AMF + DSE did not alter shoot or root dry weight relative to the uninoculated control (Fig. 3a) . Using two-way ANOVA, we also examined whether the treatments interacted on the different colonization parameters (F%, H%, MS%, or A%) and plant growth; the analyses revealed no significant effects (data not shown).
The chlorophyll concentration reached the highest values in response to AMF or DSE inoculation as well as AMF + DSE inoculation, but they were not statistically different from the control (Fig. 3b) . the shoot MDA concentrations of the AMF and AMF + DSE treatments, however, were significantly lower than in the control plants (Fig. 3c) . The TAC concen-tration was lower in the AMF + DSE-inoculated plants than in the other three treatments (Fig. 3d ).
Shoot and soil elemental concentrations
Shoot concentrations of trace and major elements are shown in Table 2 . Whatever the treatment, there was no significant difference in shoot Cu, Fe, Mn (data not shown), or Zn (Table 2) concentrations. Total shoot N, which ranged from 0.30 ± 0.07% (w/w) for AMF + DSE inoculation to 0.39 ± 0.08% for the noninoculated control, was not altered by any of the treatments. Conversely, inoculation with F. mosseae significantly increased P, Na, and K shoot concentrations as compared to the control or to the Cadophora treatment. Likewise, DSE inoculation significantly increased shoot Na concentrations. When compared to the control treatment, the shoot Cd concentration was significantly lower in co-inoculated plants ( Table 2) .
The soil CaCl 2 -extractable concentrations in Cd, Mg, Na, and Zn were unaffected by the treatments (Table 3 ). In the presence of the AMF, CaCl 2 -extractable K (25.7 mg/kg soil) significantly increased in the soil as compared to the noninoculated treatment (18.1 mg/kg soil, Table 3 ), whereas it decreased in the soil containing DSE-inoculated roots. There were no correlations between TE and major element concentrations in shoots or soils on the one hand and AMF and DSE colonization parameters on the other hand (data not shown).
Soil enzymatic activity
To assess the effect of Cadophora sp. and F. mosseae on soil microbial activity, we measured fluorescein diacetate (FDA) hydrolysis and alkaline phosphatase (AP) activity in the rhizosphere soil. Kruskal-Wallis tests showed no significant effect of DSE, AMF, or dual inoculation on FDA hydrolysis (Fig. 4a) . Inoculation with F. mosseae increased AP activity by 47% (1.1 ± 0.1 mU/g) as compared to the control (0.7 ± 0.1 mU/g). Conversely, inoculation with Cadophora sp. (0.9 ± 0.2 mU/g) or with the two fungi (0.8 ± 0.1 mU/g) (Fig. 4b) did not significantly alter AP activity. Moreover, there was no correlation between AMF and DSE colonization frequency or intensity and soil enzyme activity (data not shown).
Discussion
We investigated the impact of dual inoculation with the AMF strain Funneliformis mosseae and the DSE strain Cadophora sp. Fe06 on ryegrass (L. perenne) grown in a Cd/Pb/Zn-contaminated soil. Except for the noninoculated control, all plants were successfully colonized. The absence of fungal colonization in the control treatment suggests that the soils were efficiently sterilized and free of any endogenous AMF or endophytic propagules. In the case of single AMF or DSE inoculations, only the inoculated fungus was found in roots, whereas both fungi were found in the case of dual inoculation. The AMF formed typical arbuscules and vesicles in ryegrass roots, whereas the DSE fungus formed brain-like, loosely packed, or fully packed microsclerotia. We p r e v i o u s l y n o t i c e d t h e s e d i ff e r e n t t y p e s o f microsclerotia in roots inoculated with different DSE species ). Little information is available, however, on the diversity and function of the different types of microsclerotia (Yu et al. 2001 ). This point deserves attention in future studies. In addition to these microscopy observations, we also monitored root colonization by qPCR, which was previously used to quantify root DSEs (Maciá-Vicente et al. 2009; Tellenbach et al. 2010; Su et al. 2013 ) and AMF (Thonar et al. 2012 ) colonization although fungi were inoculated separately in those studies. To determine whether the two fungi could be discriminated by this approach, we designed DSE-specific primers and probes that did not cross-react with plant tissues or with AMF. Quantification of 28S and ITS copy numbers by qPCR revealed a positive correlation between hyphal colonization frequency (F DSE %, F AMF %) and intensity (H% and M%), determined microscopically. There was no correlation between microscopy quantification of microscletia or arbuscule structures and qPCR quantifications, however, probably because of the low frequency of AMF arbuscule or DSE microsclerotia structures. Additionally, because microsclerotia form tight complexes with thick-walled cells (Tellenbach et al. 2010) , DNA extraction was problematic, and this may have impeded amplification. To determine arbuscule abundance in Medicago roots by RT-PCR. Isayenkov et al. (2004) suggested use of the specific mycorrhiza-induced phosphate transporter MtPT4, localized to the periarbuscular membrane, as a Fig. 2 Morphological characteristics of fungal structures in ryegrass roots. Trypan bluestained roots were observed by optical microscopy (a, d), whereas WGA-AF488®-stained roots (b, c) were observed by confocal microscopy. Green: fungal material; red: autofluorescence of root cells. a, d Dual colonization by AMF hyphae in blue and DSE hyphae and microsclerotia in brown. Arbuscular structures can be seen in b. Typical brain-like (a), loosely packed (c), and fully packed microsclerotia (d). Scale bars = 25 μm colonization marker. The use of similar colonization markers to amplify genes that are specific to microsclerotia might provide a useful perspective to improve the monitoring of DSE structures in plant roots. Laser ablation of microsclerotia coupled with transcriptomic analyses could be a strategy to identify such specific gene markers.
Using both molecular and microscopy approaches, we noticed a significant decrease of the frequency of root colonization by Cadophora sp. in dual inoculation with F. mosseae, whereas colonization by F. mosseae was not affected by the presence of the DSE. The intensity of root colonization by the DSE (MS% and H%), however, was not affected by the Values are means ± SEs (n = 9). Values with the same letter do not differ significantly between inoculation treatments (P < 0.05, Kruskal-Wallis test) presence of the AMF. Thus, our data conflict with the few data published to date. The DSE Drechslera sp. decreased colonization of Daucus carota hairy roots by Gigaspora rosea in an in vitro approach (Scervino et al. 2009 ). Similarly, a negative correlation was found between colonization of Polylepis australis roots by an AMF and colonization by a DSE in microscopy analyses (Soteras et al. 2013 ). The same tendency was recorded for dual inoculation of Trifolium repens roots with Phialocephala turiciensis and G. rosea (Della Monica et al. 2015) . This inhibition could be explained by competition for carbon compounds or space or by the production of volatile or soluble secondary metabolites (Calvet et al. 1992; Whipps 2001) . Antibiosis and competition for carbon compounds or for space have been shown between fungi colonizing the same plant (Perotto et al. 2013 ). In our experiment, the two fungi were found close to each other, in the same root fragments. This observation suggests that either no competition occurred between the two symbionts, or they were able to overcome or tolerate any interference (antibiosis) or exploitation competition.
Impact of Cadophora sp. and F. mosseae on plant growth
Inoculation with Cadophora sp. did not affect biomass production as compared to the noninoculated control, while inoculation with F. mosseae increased shoot biomass. Numerous studies have investigated the impact of different F. mosseae strains on plant growth on TE-contaminated soils (Takacs and Voros 2003; Citterio et al. 2005; Chen et al. 2007; Redon et al. 2009; Shahabivand et al. 2012; Hu et al. 2013) . Studies on the impact of DSEs on plant growth, however, are scarce. Inoculation of Salix sp., S. caprea, and S. smithiana with Cadophora finlandica in TE-polluted soils led to neutral to negative effects on plant growth, and shoot TE concentrations were unaffected (Utmazian et al. 2007; De Maria et al. 2011 ).
On the other hand, birch and poplar grew better on TEpolluted soil as a result of inoculation with Cadophora sp., and their shoot Cd concentration decreased as compared to noninoculated plants (Berthelot et al. 2017) . In the present work, root colonization parameters were not correlated with ryegrass growth. An absence of correlation between colonization rate and plant growth promotion has been reported for both DSEs and AMF (Hildebrandt et al. 2007; Berthelot et al. 2016) . DSE inoculation did not alter ryegrass growth, suggesting a neutral relationship of the fungus with this plant, but the shoot Na concentration significantly increased. Values are means ± SEs (n = 9). Values with the same letter do not differ significantly between inoculation treatments (P < 0.05, Kruskal-Wallis test)
In agreement with previous studies (Vaz et al. 2012; Della Monica et al. 2015) , we found no antagonistic effect of dual DSE + AMF inoculation on ryegrass growth. Shahabivand et al. (2012) reported that dual inoculation of wheat with F. mosseae and the well-known (non DSE) endophytic fungus Piriformospora indica in TE-polluted soils promoted plant growth. Similarly, eucalypt growth benefited from the interaction between saprotrophic fungi and Rhizophagus irregularis in TE-contaminated sites (Arriagada et al. 2014; Fuentes et al. 2016) . But the effect of a consortium of microorganisms on plant growth is usually plant-, microbe-, and environmentdependent (Reininger et al. 2012) . For instance, a consortium of AMF and endophyte fungi increased Lolium vulgare growth whereas it decreased Trifolium pratense growth (Rillig et al. 2014) .
F. mosseae increased shoot Na, K, and P concentrations. Numerous studies have shown that mycorrhizal roots are indeed more efficient in P nutrition than nonmycorrhizal roots (Javot et al. 2007; Smith et al. 2011) , and the role of AMF extraradical hyphae in soil-to-plant P transport is acknowledged (Smith et al. 2011; Bagyaraj et al. 2015) . For instance, the beneficial impact of root colonization by F. mosseae on Coreopsis drummondii growth on a TE-polluted soil resulted from improved P nutrition of plant tissues (Chen et al. 2007 ).
Dual inoculation with Cadophora sp. and F. mosseae significantly decreased shoot Cd concentrations. In previous studies, the F. mosseae P2 strain, isolated from a TEcontaminated soil, was found highly tolerant to TEs and able to reduce Zn and Cd transfer to Trifolium subterraneum shoots. This protective effect was attributed to the high metal sorption capacity of the hyphae (Joner and Leyval 1997; Joner et al. 2000) . For DSEs, Zhan et al. (2015) showed that Exophiala pisciphila could adsorb 81 to 97% of Cd onto its cell walls, but none of those previous studies was confirmed in planta or performed with another DSE (such as Cadophora sp.). Nevertheless, a recent work showed that E. pisciphila could decrease plant Cd accumulation by modifying Cd speciation in plant tissues and by downregulating several plant TE transporters (Wang et al. 2016 ). Yet we do not know whether these proteins effectively transport Cd or whether these plant transcriptional changes arise from general regulation of ion homeostasis in response to the DSE fungus and/or to Cd exposure.
TEs are potential inducers of oxidative stress in plant cells that likely promote the generation of reactive oxygen species (ROS) (Schützendübel and Polle 2002) . Excessive MDA accumulation in plants is caused by oxidative damage of membrane lipids. In the present experiment, MDA concentrations in AMF or AMF + DSE plants and TAC concentrations in AMF + DSE plants were significantly lower than in noninoculated plants. Therefore, fungal colonization may have alleviated TE oxidative stress. A similar trend of the MDA concentration was reported for Capsicum annuum inoculated with F. mosseae under Cu stress (Latef et al. 2011) , while DSE colonization alone did not alter MDA or TAC concentrations of ryegrass shoots. Contrasting effects of DSEs on MDA and TAC concentrations have been reported in the literature. For instance, colonization of maize by E. pisciphila in Cd-polluted soil involved a significant decrease of the shoot MDA concentration (Wang et al. 2016) , whereas it did not affect MDA or TAC concentration in another experiment (He et al. 2017) . Likewise, the impact of DSEs on shoot MDA concentrations was soil-and plant species-dependent in the presence of Leptodontidium sp. and Phialophora mustea, as suggested by Berthelot et al. (2017) .
Impact of Cadophora sp. and F. mosseae inoculation on soil enzyme activity
To assess the impact of F. mosseae and Cadophora sp. inoculation on rhizosphere enzyme activity, we studied alkaline phosphatase (AP) activity and fluorescein diacetate (FDA) hydrolysis. Inoculation with F. mosseae or Cadophora sp. alone or with both fungi did not affect the soil FDA activity as compared to the noninoculated control. Similarly, AP activity did not differ in the presence of Cadophora sp. in the single or dual inoculation treatments. This result contrasts with the increase in AP activity recorded in the rhizosphere of T. repens inoculated with the DSE Phialocephala glaciacis (Della Monica et al. 2015) . AP activity increased, however, in the rhizosphere of ryegrass inoculated only with F. mosseae. This increase could be explained as follows: (i) the AMF released metabolites that promoted rhizosphere activity (Azcón-Aguilar and Barea 2015), or (ii) the AMF secreted phosphatases that subsequently increased the total pool of these enzymes in the rhizosphere soil (Liu et al. 2013; Sato et al. 2015) . Moreover, F. mosseae inoculation also increased the labile pool of K and the shoot K concentration, as observed previously by Meena et al. (2014) and Dominguez-Nunez et al. (2016) .
Conclusions
Tripartite interactions between DSEs, AMF, and plants in TE-polluted soils have received little attention until recently. In the present study, dual inoculation with Cadophora sp. and F. mosseae did not improve ryegrass growth and mineral nutrition, but it induced the alleviation of oxidative stress and a decrease of Cd concentrations in shoots. We could take advantage of these observations to support sustainable production of biomass within the fungal-based phytomanagement of TE-contaminated sites. Producing clean or low-contaminated biomass in such context could also contribute to minimize TE transfer to the food chain. Nevertheless, further experiments will be needed to determine (i) whether other combinations of AMF, DSEs, and plant species could also mimic the present findings and (ii) how such tripartite interactions could be successful in situ.
